Abstract. This paper examines the effect of substitution of water by heavy water in a polymer solution of polystyrene (molecular weight = 13000) and acetone. A critical double point (CDP), at which the upper and the lower partially-miscible regions merge, occurs at nearly the same coordinates as for the system [polystyrene + acetone + water]. The shape of the critical line for [polystyrene + acetone + heavy water] is highly asymmetric. An explanation for the occurrence of the water-induced CDP in [polystyrene + acetone] is advanced in terms of the interplay between contact energy dissimilarity and free-volume disparity of the polymer and the solvent. The question of the possible existence of a one-phase hole in an hourglass phase diagram is addressed in [polystyrene + acetone + water]. Our data exclude such a possibility.
Polymer solutions exhibit a few novel thermodynamic states, e.g., theta point, critical double point (CDP) [1, 2] and tricritical point [3] induced by variations in the molecular weight of the polymer or the applied pressure. Polymer solutions are known to share the Ising universality class with binary liquid mixtures [1, 2] . Polymer solutions show a high temperature partially-miscible region that terminates at lower critical solution temperature, TL and a low temperature partially-miscible region that terminates at upper critical solution temperature, To [4] [5] [6] . The CDP is defined as a point where TL and To are made to merge, i.e., the miscibility gap AT[= ITL-Tul] becomes zero. Other examples of systems that display CDP are aqueous alcohols [secondary butyl alcohol + tertiary butyl alcohol + water] [7] , binary gases (Ne-Kr) [8] and mixtures of liquid sulphur and hydrocarbons (e.g., benzene or toluene). A double critical point, DCP (where a closed-loop phase diagram vanishes) is identical to a CDP except for some finer details concerning the approach to these points [6] .
In practice, the role of pressure in multicomponent liquid systems as well as polymer solutions is simulated by isotopic/isomeric substitutions [6, 7, 9] or by additional
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chemical components [1, 6] . It was first reported [1] from this laboratory that minute quantifies of water can induce a CDP in a solution of [polystyrene (molecular weight 13000) + acetone]. This procedure had yielded [1] an unusually close approach to CDP in [polystyrene(PS) + acetone(AC) + water].
The high-temperature immiscibility of (polymer plus poor solvent) systems can be understood within the framework of the Prigogine solution theory as modified by Patterson [4, 5, 10] . The quantity of interest here is the interaction parameter, X, which reflects the interplay of two competing terms, viz., the contact energy dissimilarity and free-volume disparity of the polymer and the solvent. The expression for X, as given by the Patterson and the Flory theories [4] , is
where U1 is the configurational energy of the solvent, Cpl, the first derivative of U1 with respect to T, is the configurational heat capacity of the solvent, and R is the gas constant.
The parameter v 2 expresses the difference of the cohesive energy and size between the solvent molecule and the polymer segment. The parameter r reflects the free-volume change, which occurs due to large differences in the thermal expansion coefficients of the polymer and the solvent. The extent of miscibility or the extent of stability of the mixed state is determined by the Flory theory from the combinatorial part of AGM, viz., the total free energy of mixing. From this we get an expression for the critical value of X, Xc, as follows [4, 10] o(r,e) = 1 +
where v] and v2 are the molar volumes of the solvent and the polymer, respectively. It should be noted that X¢ decreases with an increase in molecular weight of the polymer. The first term in (1) usually decreases with temperature (T), whereas the second term is an increasing function of temperature. Typically, a X -T curve (figure 1) has a minimum Increasing the molecular weight of the polymer without changing the nature of the X-T curve leads to a decrease in the Xc value ( figure 1) . Hence, at some value of molecular weight, the Xc line can become tangential to the X -T curve, leading to the occurrence of a CDP (AT = 0). The situation in which the X -T curve lies above the Xe value corresponds to the hourglass phase diagram.
Alternatively, a decrease in pressure (P) can increase the free-volume differences between the two components and thus shift the X -T curve upwards ( figure 1) . However, the Xc line does not vary with pressure. Thus a condition of Xc line being tangential to the X -T curve is again realized, resulting in a CDP. Any further decrease in pressure yields an hourglass phase diagram. In this manner, one can explain the occurrence of a CDP in a polymer solution in two different ways.
Changing the molecular weight of polystyrene from 4800 to 19800 in [PS + AC] leads to a CDP at a molecular weight of 19800 and a temperature of -~ 70°C [4] . By variation of pressure in [PS (molecular weight 20000) + AC], the CDP is realized [2, 5] 
Experiment
Samples were made using polystyrene (PS) (Pressure Chemical Co.) of molecular weight 13000 and polydispersity of less than 6%, i.e., Mw/Mn = 1.06, where Mw is weight average molecular weight and Mn is number average molecular weight. The acetone (AC) was of spectroscopic grade (99.8%, Ranbaxy, India). Heavy water was of isotopic purity 99.6% (BARC, India). Water used was triple distilled in an all-quartz distiller.
The miscibility range, AT(= T L --Tu), is controlled by the weight fraction (W) of water or heavy water in the polymer solution [PS + AC]. We believe that W simulates the condition of a thermodynamic field in the sense that the nature of W-T graph is similar to that of a P-T plot for this system [2] . The amount of water/heavy water involved is extremely small, varying from 0.0008 to 0.0080 weight fraction of the total mixture. To permit the addition of such small quantities, a stringent sample preparation procedure was adopted.
The critical concentration (we, weight fraction of polystyrene) for [PS + AC + heavy water] system was determined and it was found to be nearly constant at 0.23 for all ATs, i.e., we had no AT dependence. So, to realize the critical line correctly, it was necessary to maintain the constancy of the critical concentration (we) for samples with varying ATs. In the case of the determination of hourglass curve in [PS ÷ AC + water] system, the quantity W (weight fraction of water in the mixture) is to be kept constant. A stock solution of [AC ÷ water] was prepared. However, the quantities of AC and water added were in such proportions that they corresponded to a weight fraction (w) of polystyrene = 0.5. A sample with w = 0.5 was prepared from this stock solution. Subsequently, several samples with different weight fractions of polystyrene (w < 0.5) were prepared for a fixed W. The total amount of water and acetone required for each of these samples was calculated. An amount of stock solution containing the required amount of water was then added. The requisite amount of additional acetone was calculated and added separately since the stock solution of [AC + water] was prepared for w --0.5. Once again, the difficulty of having to add exceptionally small quantities of water was circumvented by using the stock solution of [AC + water]. This method allowed for a complete control over W and w as well as a constancy of conditions under which different samples were prepared. A typical sample (in all preparations) was about 0.15-0.20 ml in volume. This typically contained about 0.0005 g of water.
Samples were prepared in pyrex cells with Teflon high vacuum stopcocks (Rotaflo). A serious problem encountered in generating the coexistence curve and the critical line is the drift of AT, particularly for its small values. This difficulty stems from the acute steepness of the coexistence surface in the vicinity of the CDP [1, 2, [6] [7] [8] . Neither
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degassing to remove trapped atmospheric oxygen nor preparation of the sample under dry nitrogen improved the temporal stability of the samples for any AT. Because only very small quantities of water or heavy water are involved in diminishing the AT (tables 1 and 2), a great deal of caution has to be exercised in maintaining the constancy of W. Reliable data could be obtained only if phase separation temperatures were determined soon after the samples were made.
Phase separation temperatures were determined visually [1, 6] by monitoring the onset of intense opalescence. Criticality of the samples was ascertained by the equal-volume criterion. For off-critical samples, phase separation temperatures were marked by the actual appearance of meniscus. The visual measurements were done in a well-stirred paraffin thermostat with a temperature stability better than 4-1 mK in the temperature range 35-95°C. The temperature is measured to an absolute accuracy of 4-60 mK with a platinum resistance thermometer in conjunction with a resistance bridge (Model F17, ASL, UK). The determination of phase separation temperature in the range 95-110°C was carded out in a polyethylene glycol thermostat with a temperature stability of 4-50mK. For temperature above ll0°C, a polyethylene glycol thermostat with a temperature stability of -t-0.5 K was used. It was essential to stir the sample during the course of detection of phase separation temperature. A typical run to determine the upper critical solution temperature (To) lasted 6-8 hours and the temperature range scanned was 2°C. Determination of lower critical solution temperature (TL) lasted 4 hours and the temperature range scanned was about 2°C.
The line of critical points was determined in a single set of experiments. It was observed that the temperature range of persistence of critical opalescence is smaller for [PS + AC + heavy water] than for [PS + AC + water]. Table 1 
Results
The data for Tu and TL [(PS + AC + heavy water), table 1] were fitted to the following expression (T --TCDP) = A 1 (W -WCDP) A2 (3) where TCDP and WCDP are the coordinates of the CDP. The data were analysed using a modified form of the program CURFIT [1] . The fit was deemed to be good if the minimum of reduced X 2 (X 2) was close to 1 and resulting residuals had random distribution. generated by (3). This curve is found to be grossly asymmetric, as reflected in figure 3 . If data reduction is confined to the close proximity of CDP, the critical line is fairy symmetric ( figure 3 ). In comparison, the line of critical point for [PS + AC + water] was found to be both symmetric and parabolic [1] . The coordinates of the CDP for [PS + AC + water] are: TcoP = 89.258 + 0.03°C and WcoP = 0.00702 4-0.00010.
In view of the fact that molar volume of water and heavy water are almost identical, the nature of critical lines for [PS + AC + water] and [PS + AC + heavy water] was also examined using mole fractions (X) of water or heavy water. Figure 4 reveals that the two CDPs are much closer in terms of mole fractions, though the asymmetry of the critical line still persists (figures 2 and 3). For instance, the weight fraction ratio of CDPs is 1.15 (figure 2) and the mole fraction ratio of CDPs is virtually unity (1.03), as evidenced by figure 4 .
The reentrant critical line in ternary mixture [7] of [secondary butylalcohol + tertiary butylalcohol + water] and in binary gases [8] , e.g., (Ne-Kr) are quite asymmetric, particularly away from a CDP.
Although polystyrene (PS) used in the experiments involving [PS + AC + heavy water] was of the same stated purity and polydispersity as the one used [1 ] in [PS + AC + water], it belonged to a different lot. This fact may have led to the differences in the limiting critical temperatures of the two curves shown in figure 2 hole inside the two-phase region (after ref. [11] ).
The closest approach to CDP in [PS + AC + heavy water] is signified by AT = 3.45°C (table 1, figure 2 ). In ternary liquid mixtures, the critical point does not coincide with the apex or the extremum (TEL or TEU) of the relevant coexistence curve [1, 6] . Therefore AT = 3.45°C actually corresponds to the approach to an effective CDP to within a few hundreds of mK [1] . For instance, for [PS + AC + water], AT ----2.34°C related to ATe (= TEL --TEO) ----194 mK [1] .
In a bid to locate the existence of a one-phase (l~b) hole [11] in an hourglass phase diagram (figure 5), we explored the relevant phase boundary for [PS + AC + water]. This hourglass phase diagram (figure 6) was determined for W(= 0.0072)> WCDP (= 0.00702) so that it met the condition of being in the close proximity of CDP. As figure 6 illustrates, the entire two-phase (2~) region of the hourglass phase diagram is devoid of any one-phase hole.
Discussion
We had earlier demonstrated [1] of either water or heavy water are adequate to realize the merger of upper and lower partially-miscible regions. The earlier experiments concerning isotopic substitution in polymer s.olution systems had concluded that the deuteration of polymer simulated the applied pressure and the deuteration of the solvent led to simulation of a negative pressure [9] . A striking outcome of H/D substitution in [PS + AC + water] is the asymmetry in the critical curve (figures 2 and 3). It is stressed that in the close proximity of the CDP, both the curves are reasonably symmetric (figure 3). For example, the asymmetry is no more than ,,~ 5% for (Wcop-W) < 0.001. This composition range implies a AT < 24°C. From the standpoint of the evolution of critical behaviour near CDP, the region of AT <_ 24°C is quite adequate [6] . Besides, Landau-Ginzburg theory and lattice-solution models demand a symmetric, parabolic critical line only in the immediate vicinity of a DCP or a CDP -at least for systems involving small molecules [6] . A possible explanation of the asymmetry of the critical curve for [PS + AC + heavy water], in contrast to that for [PS + AC + water], may be related to the slight differences in the nature of the exact X -T curves for the two cases. Beyond these considerations, we have no other explanation to account for the asymmetry of the critical curve of [PS + AC + heavy water] in the region away from the CDP.
The role of water or heavy water in suppressing AT in [PS + AC] has to be probed quantitatively. Qualitatively, one can attempt to understand it in terms of the behaviour of X within the framework of the Patterson-Delmas theory [4, 5, 10] . Both water and heavy water constitute a very bad solvent for polystyrene. Its addition to the system can be viewed as acting to lower the solvent quality of acetone. This would imply an increase in the contact energy dissimilarity between the polymer and the solvent and, hence, an
